The binding of myosin subfragment-1 (S-i) to the F-actin-troponin-tropomyosin complex (regulated F-actin). was examined in the presence of ADP (ionic strength, 0.23 M; 220C) by using the ultracentrifuge and S-1 blocked at SHI with iodo["4C]acetamide. S-1ADP binds with positive cooperativity to regulated F-actin, both in the presence and absence of calcium; it binds independently to unregulated actin. With and without CaO+ at very low levels of occupancy of the regulated actin by S-19ADP, S-1*ADP binds to the regulated actin with <1% of the strength that it binds to unregulated actin, whereas at high levels of occupancy of the regulated actin by S-1-ADP, S-1ADP binds about 3-fold more strongly to the regulated actin than it does to unregulated actin. The major difference between the results obtained in the presence and absence of Ca2+ with regulated actin is that, in the absence of Ca2+, the binding of S-1'ADP remains weak until a higher free S-1ADP concentration is reached and the transition to strong binding is much more cooperative. These results are consistent with a model that is basically similar to the cooperative binding
88-118]:
The regulated actin filament can exist in two forms, a weak-binding and a strong-binding form; and Ca2+ and S-1.ADP, acting as allosteric effectors, shift the equilibrium between the two forms.
It is now generally accepted that muscle contraction is caused by myosin and actin filaments sliding past each other as ATP is hydrolyzed. In skeletal muscle the regulation of muscle contraction appears to be controlled by the troponin-tropomyosin complex which binds to the actin filament to form regulated F-actin. The most widely accepted mechanism of troponin-tropomyosin action is the steric blocking model (1) (2) (3) which suggests that the position of the tropomyosin molecule on the actin filament controls the actin-myosin interaction. This model proposes that, in the absence of Ca2+, tropomyosin takes a position where it blocks the binding of myosin to the thin filament whereas, when Ca2+ binds to troponin, the tropomyosin is thought to move toward the central groove of the actin filament, enabling the myosin to interact with actin. Because the tropomyosin molecule spans seven F-actin monomers (4) , the position of the tropomyosin is thought to be effective over the entire actin unit and, therefore, this model suggests that cooperativity is an inherent part of regulation.
On a biochemical level, the removal of Ca2+ from the troponin-tropomyosin complex generally causes marked inhibition of the actomyosin ATPase activity. However, this is not always the case, as was observed by Bremel and Weber (5) . At low ATP concentration and high ratios of subfragment 1 of myosin (S-i) to actin, they found that the ATPase activity of regulated actin-S-1 complex (acto-S-1) is no longer sensitive to Ca2+. They suggested that this cooperative response was due to the binding of a few S-1 molecules, free of ATP, to the actin filament and pushing the tropomyosin away from its inhibitory position, thus preventing inhibition of the ATPase activity even in the absence of Ca2+. Cooperative responses have also been observed in the presence of Ca2+. Weber and coworkers (6) found that at high S-1 concentration the ATPase activity of regulated acto-S-1 can be potentiated so that it is higher than the ATPase activity of acto*S-1 in the absence of troponin-tropomyosin.
The cooperative responses observed with regulated actin are fundamental to our understanding of the biochemical basis of regulation. Up to the present time, there have not been any studies on the binding of S-1 to regulated actin in the absence of ATP. Equilibrium binding studies are generally easier to interpret than steady-state ATPase studies. Therefore, in the present study, using a method previously used in our studies on the binding of S-1-nucleotide complexes to unregulated F-actin (7), we investigated the binding of S-1-ADP to regulated F-actin both in the presence and in the absence of Ca2+.
At ionic strength = 0.23 M at 220C, although S-1-ADP binds independently to unregulated actin, it binds with positive cooperativity to regulated F-actin, both in the presence and absence of Ca2+. With and without Ca2+ at very low levels of occupancy of the regulated actin by S-1-ADP, S-1-ADP binds to the regulated actin with <1% of the strength that it binds to unregulated actin, whereas at high levels of occupancy of the regulated actin by S-1-ADP, S-1-ADP binds about 3-fold more strongly to the regulated actin than it does to unregulated actin. Our results are consistent with a typical cooperative binding model (8) (9) (10) (Table 2) . First, the amount of dissociated S-I was not significantly different at 1.2 and 2.5 mM ADP. Therefore, at 2.5 mM ADP both the S-1 and acto-S-l are saturated with ADP. Second, our results were unaffected by a 5-fold increase in the concentration of the troponin-tropomyosin complex, which shows that the actin was saturated with the troponintropomyosin complex. Third, to test whether the system was in equilibrium, the order of addition of S-1, troponin-tropomyosin, and EGTA was varied. The 55% of the added S-I In the experiments-using regulated actin, the troponin-tropomyosin complex was at 16 MM. that bound to unregulated F-actin was almost completely dissociated upon addition of the troponin-tropomyosin complex. Thus, the amount of S-1 bound decreased to the same low level (-5%) as occurred when S-1 was added directly to the troponin-tropomyosin-actin complex. Similarly, the 55% of the added S-1 that bound to F-actin in the presence of Ca2+ (see below) was almost completely dissociated when EGTA was added. Therefore, the binding of the S-1 to regulated actin is reversible and the system appears to be in equilibrium. Finally, although SH1-blocked S-1 was used in these binding studies, the same results were obtained in preliminary experiments using unmodified S-1.
We next examined the binding of S-1-ADP to regulated actin in the presence of Ca2+. Because the regulated actomyosin ATPase activity is at a high level in the presence of Ca2+ both in vivo and in vitro (15) , it was expected that the binding of S-1-ADP to regulated actin would not show cooperativity. However, contrary to expectations, the results obtained in the presence of Ca2+ were similar to the results obtained in the presence of EGTA; the convex Scatchard plot in Fig. 2A shows that the binding of S-1-ADP to regulated F-actin is quite cooperative. However, there are important differences between the binding in Ca2+ and EGTA. Comparison of Fig. 2B with Fig. 1B shows that the transition from weak to strong S-1 binding occurred at a lower free S-1 concentration with Ca2+ than with EGTA. In addition, the cooperative transition was not as steep as that obtained in the presence of EGTA. Nevertheless, the binding in the presence of Ca2+ clearly was cooperative.
As in the presence of EGTA, binding constants can be obtained for the noncooperative regions at very low and very high levels of saturation of actin with S-1-ADP. At high levels of occupancy of the regulated actin by S-1, the value of the binding constant obtained from the slope of the Scatchard plot is 6 X 105 M-1. This is almost identical to the value obtained in the presence of EGTA at high levels of occupancy.
Because the cooperative transition occurs at such a low free S-1 concentration in the presence of Ca2+, only an approximate value could be obtained for the upper limit of the binding constant of S-1iADP to actin at very low levels of occupancy. As with EGTA, this binding constant was estimated at a regulated actin concentration of 56 ,uM. With 0.29 AtM S-1 added, the value of the binding constant is about 103 M-1 (Table 1) . At higher added S-1 concentration, much more S-1 is bound, probably because there is cooperativity at these S-1 concentrations. Therefore, both in the presence and absence of Ca2+, S-1-ADP binds to regulated actin with 1% of the strength that it binds to unregulated actin at very low levels of occupancy of the actin sites by S-1 and about 3-fold more strongly at high levels of occupancy. DISCUSSION
The results presented in this paper show that the binding of the S-1-ADP complexto regulated F-actin is a highly cooperative phenomenon. Because cooperative binding occurs both in the presence and absence of Ca2+, it seems reasonable to use as a framework for analyzing our data one of the classic allosteric models for cooperative binding (8) (9) (10) (8, 9) , to present the basic elements of a cooperative model that accounts for our data. Both in the presence and absence of Ca2+, each cooperative unit along the regulated actin filament is assumed to occur in two forms, a "weak-binding" and a "strong-binding" form. The equilibrium constant L between the two forms of the cooperative unit is defined as L = [weak form]/[strong form]. When the cooperative unit is in the weak form, each of the actin monomers in the cooperative unit is assumed to bind S-1 with an association constant Kw; when the cooperative unit is in the strong form, each of the monomers is assumed to bind S-1 with an association constant K. In agreement with the model of Ans _ ' Asn-Ml As M2Z As~-' As AMn in which A' and An, are cooperative units in the weak and strong forms, respectively, M is S-1, and n is the number of actin monomers in a cooperative unit.
In applying this model to our data, n was set equal to 7 because one tropomyosin molecule binds to seven actin monomers. Kw was taken to be 103 M-1 and Ks, 7 X 105 M-1 in both the presence and absence of Ca2+ ( Figs. 1 and 2 ; Table 1 ). The data were then fitted to the above model by varying the value of L. As shown in Fig. 3 (a replot of the data in Figs. 1B and 2B) , the data obtained in the presence of Ca2+ can be fitted reasonably well to a theoretical plot with L = 7 (the solid line). However, we could not duplicate the high degree of cooperativity observed in the absence of Ca2+ with any value of L. The best fit we could obtain is shown by the dashed line in Fig. 3, which On this basis, weak binding of S-1 ADP to regulated actin in the weak form would always be linked to an inability of the weak form to activate the S-I-ATPase.
The major advantage of this model is that the properties of the weak form are the same in the presence and absence of Ca2+; Ca2+ acts only as an allosteric effector, shifting the equilibrium between the weak and strong forms. The weak and strong forms are synonymous in this model with the "relaxed" and "active" states observed in vivo. Unfortunately, there are data that may not be compatible with this simple model. It may be necessary to assume that Ca2+ actually affects the properties of the weak form so that, in the presence of Ca2+, regulated actin in the weak form is able to activate the S-I-ATPase activity. The major finding that suggests a need for this more complex approach is that considerable ATPase activity is observed in the presence of Ca2+, even at low ratios of S-to actin where our data suggest that most of the actin remains in the weak form. In addition, the x-ray diffraction studies by Haselgrove (2) suggest that, even when the actin and myosin filaments are stretched out of overlap, the binding of Ca2+ to troponin shifts the position of the tropomyosin on the actin filament from the "relaxed" to the "active" position, although again our data suggest that under these conditions much of the actin remains in the weak form. Of course, it is possible that the binding of Ca2+ shifts enough of the regulated actin into the strong form to account for these x-ray diffraction results and for the increased ATPase activity that occurs in the presence of Ca2+. However, if this turns out not to be the case, the most likely explanation for these data is that Ca2+ can induce a conformational change in the weak form which causes a change in the x-ray diffradion pattern and allows the actin, still in the weak form, to activate the S-1ATPase activity.
Whether or not Ca2+ affects the kinetic properties of the weak form, it does appear that regulated actin must be in the weak form in order for relaxation to occur. At low ATP concentration, when S-i or S-1-ADP binds to actin, removal of Ca2+ does not cause inhibition in vitro (5) or relaxation in vivo (18, 19) . Based on our results, it seems likely that this is because at low ATP concentration, even in the absence of Ca2+, most of the actin occurs in the strong form, shifted from the weak form by the binding of the allosteric effector S-1-ADP. It therefore
